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Abstract: The recent wildfires in California, U.S., have caused not only significant losses to 

human life and property, but also serious environmental and health issues. Ambient air pollution 

from combustion during the fires could increase indoor exposure risks to toxic gases and particles, 

further exacerbating respiratory conditions. This work aims at addressing existing knowledge gaps 

in understanding how indoor air quality is affected by outdoor air pollutants during wildfires—by 

taking into account occupant behaviors (e.g., movement, operation of windows and air-

conditioning) which strongly influence building performance and occupant comfort. A novel 

modeling framework was developed to simulate the indoor exposure risks considering the impact 

of occupant behaviours by integrating building energy and occupant behaviour modeling with 

computational fluid dynamics simulation. Occupant behaviors were found to exert significant 
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impacts on indoor air flow patterns and pollutant concentrations, based on which, certain behaviors 

are recommended during wildfires. Further, the actual respiratory injury level under such outdoor 

conditions was predicted. The modeling framework and the findings enable a deeper understanding 

of the actual health impacts of wildfires, as well as informing strategies for mitigating occupant 

health risk during wildfires. 

 

Key words: human exposure risk, indoor air quality, occupant behavior, respiratory injury, NAPA 

wildfire, computational fluid dynamics simulation 
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Introduction 1 

Climate change is influencing large wildfire frequency and globally widespread disturbance that 2 

affect both human and natural systems (Hurteau et al. 2014). The 2013 Rim Fire in California has 3 

caused an average PM2.5 concentration of 20 μg/m3 and ranged from 0 to 450 μg/m3, which was 4 

proved to exert significant adverse health effects to a large population (Navarro et al. 2016). As 5 

another one of the worst wildfires recently, several massive wildfires swept Napa and Sonoma 6 

counties in the North Bay areas of San Francisco on the western coast of the United States on the 7 

night of October 8, 2017 (HST). The fires resulted in the worst air quality that has ever been 8 

recorded in the San Francisco Bay Area1.  The outdoor air quality index2,3, measured in particulate 9 

matter (e.g., PM2.5) exceeded 250 ug/m3, and a measure of other criteria pollutants4 (e.g., sulfur 10 

dioxide – SO2) exceeded 200 ppb, indicating that the high level of air pollution could cause serious 11 

health effects in most people who breathed in the contaminated air outdoors.  12 

A sudden increase in the number of hospitalizations during the days following the fires could be 13 

related to the negative health effects of high gaseous and particulate pollutant levels in the area, 14 

which included increased risk for asthma, and deterioration of pre-existing respiratory diseases 15 

(Lewis et al. 2013). A number of recent researches reported effects of the different airborne particle 16 

metrics on respiratory diseases, cardiovascular effects, lung cancer, asthma, and lung cancer via 17 

human inhalation exposure (You et al. 2017; Haikerwal et al. 2015; Haddrell et al. 2015). In other 18 

words, during the past decades, wildfires have exerted a large negative global impact on human 19 

                                                      
1 Xinhua. Massive wildfires engulf north San Francisco counties. http://news.xinhuanet.com/english/2017-
10/10/c_136667925.htm Accessed 2017-10-10 
2 EPA USA. Air Data: Air Quality Data Collected at Outdoor Monitors Across the US. 
https://www.epa.gov/outdoor-air-quality-data Accessed 2018-06-15 
3 Air Quality Data Query Tool. https://www.arb.ca.gov/aqmis2/aqdselect.php Accessed 2018-06-15 
4 The criteria pollutants (also known as “criteria air contaminants – CAC”) are a set of air pollutants (normally six 
common pollutants, which are ozone, particulate matter, carbon monoxide, lead, sulfur dioxide, and nitrogen 
dioxide) that cause smog, acid rain and other health hazards. 
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health, ecosystems, societies, economies and climate(Jolly et al. 2015; Jaffe et al. 2013). Even 20 

worse, according to the California’s Fourth Climate Change Assessment Report (Bedsworth et al. 21 

2018), there is no sign of abating in the expansion of wildfires due to the climate variations. There 22 

is an urgent need to mitigate the impacts of the adverse air quality on the human health caused by 23 

the increasing wildfires (Anderson et al. 2018; West et al. 2013). 24 

Since individuals spend an average of 87% of their time indoors (Klepeis et al. 2001), indoor 25 

air quality (IAQ) is probably more indicative of the pollution exposure levels affecting residents’ 26 

health than the outdoor measures. According to the report by the Institute of Medicine (2011), IAQ 27 

is affected by three main factors: occupant behavior (OB), building characteristics, and pollutant 28 

properties. Among them, as the most significant factor, OB affects IAQ through occupants’ 29 

interactions with the outdoor physical environment. Behaviours such as window opening and 30 

closing (Stabile et al. 2017), HVAC operation, and walking into or out of a room (Montgomery et 31 

al. 2015) will change the boundary conditions of the indoor environment, thus influence the flow 32 

pattern of indoor air, which, ultimately cause the increase or decrease of the indoor pollution levels.  33 

Many previous experimental studies focused on the separate impacts of occupant behaviors and 34 

building performances on the indoor airflow patterns and pollutant diffusion process, such as 35 

human movements, air-conditioning system-related parameters and window operation-related 36 

natural ventilation (Luo et al. 2016; Luongo et al. 2016). Several Computational Fluid Dynamics 37 

(CFD) models have also been improved by validating with quantitative measurements (Luo et al. 38 

2018b; Gosselin and Chen 2008). These investigations revealed detailed information about indoor 39 

air flow patterns and pollutant concentration levels under different specific conditions. However, 40 

in a real office environment, occupant behaviors are always complex and dynamic due to transient 41 

indoor conditions such as temperature, humidity, and occupant counts, which are mostly associated 42 
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 314 
Figure 10 The velocity and concentration fields of SO2 along the moving. (a-c) The occupant 315 
was walking out of the office. (d-f) The occupant was walking into the room. 316 
 317 

Assessment of the daily exposure risk level. Epidemiological studies have linked exposure to 318 

indoor air pollution with a wide range of adverse health outcomes. The health effects and the 319 

breakpoints of some specific pollutants considered in this study are listed in Table 2 (documented 320 

from (WHO 2010; Mintz 2013; World Health Organization 2005)).  321 

Table 2. Pollutant-specific sub-indices and health effects statements for guidance on the AQI. 322 
The IAQ index for each pollutant can be calculated from the modeled pollutant concentration 323 
results, seen in Methods.  324 

AQI 
Categories: 

Index 
Values 

Ozone (ppb) Sulfur Dioxide (ppb) Carbon Monoxide 
(ppm) 

[8-hour] 

Particulate Matter 
(ug/m3) 

[24-hour] [1-hour] [8-hour] [1-hour] [24-hour] 

Good 
(Up to 50) - 0-59 

None 
0-35 0-30 0-4.4 

None 
0-12.0 
None None 

Moderate 
(51-100) - 

60-75 
Unusually 
sensitive 

individuals 
may 

experience 
respiratory 
symptoms 

36-75 >30-140 

4.4-9.4 
None 

12.1-35.4 
Respiratory symptoms 
possible in unusually 
sensitive individuals; 

possible aggravation of 
heart or lung disease in 

people with 
cardiopulmonary disease 

and older adults 

None 
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Unhealthy 
for Sensitive 

Groups 
(101-150) 

125-164 76-95 76-185 140-220 9.5-12.4 
Increasing likelihood 
of reduced exercise 

tolerance due to 
increased 

cardiovascular 
symptoms, such as 

chest pain, in people 
with heart disease 

35.5-55.4 
Increasing likelihood or 
respiratory symptoms in 

sensitive individuals; 
aggravation of heart or lung 

disease and premature 
mortality in people with 

cardiopulmonary disease, 
older adults, and people of 

lower SES 

Increasing likelihood of 
respiratory symptoms and 

breathing discomfort in people 
with lung disease, such as 

asthma, children, older adults, 
and outdoor workers 

Increasing likelihood of 
respiratory symptoms, such 

as chest tightness and 
breathing discomfort in 

people with asthma 

Unhealthy 
(151-200) 

165-204 96-115 186-304 220-300 
12.5-15.4 

Reduced exercise 
tolerance due to 

increased 
cardiovascular 

symptoms, such as 
chest pain, in people 

with heart disease 

55.5-150.4 
Increased aggravation of 
heart or lung disease and 
premature mortality in 

people with 
cardiopulmonary disease, 
older adults, and people of 

lower SES; increased 
respiratory effects in general 

population 

Greater likelihood of 
respiratory symptoms and 

breathing difficulty in people 
with lung disease, such as 

asthma, children, older adults, 
and outdoor workers; possible 
respiratory effects in general 

population 

Increased respiratory 
symptoms, such as chest 

tightness and wheezing in 
people with asthma; possible 

aggravation of other lung 
disease 

Very 
Unhealthy 
(201-300) 

205-404 116-374 305-604 300-600 
15.5-30.4 
Significant 

aggravation of 
cardiovascular 

symptoms, such as 
chest pain, in people 

with heart disease 

150.5-250.4 
Significant aggravation of 
heart or lung disease and 
premature mortality in 

people with 
cardiopulmonary disease, 
older adults, and people of 

lower SES; significant 
increased respiratory effects 

in general population 

Increasing severe symptoms 
and impaired breathing likely 
in people with lung disease, 

such as asthma, children, older 
adults, and outdoor workers; 

increasing likelihood of 
respiratory effects in general 

population 

Significant increase in 
respiratory symptoms, such 
as wheezing and shortness 
of breath, in people with 

asthma; aggravation of other 
lung diseases 

Hazardous 
(301-500) 405-604 - 605-1004 600-1000 

30.5-50.4 
Serious aggravation of 

cardiovascular 
symptoms, such as 

chest pain, in people 
with heart disease; 

impairment of 
strenuous activities in 

general population 

250.5-500.4 
Serious aggravation of heart 

or lung disease and 
premature mortality in 

people with 
cardiopulmonary disease, 
older adults, and people of 
lower SES; serious risk of 

respiratory effects in general 
population 

 325 

According to the modeled concentration results, where the 1-hour SO2 value was 348.25 ppb, 326 

CO value was 1.12 ppm, the O3 value was 47.97 ppb, and the PM2.5 value was 131.49 ug/m3, the 327 

calculated maximum IAQ index was 215, with SO2 as the responsible pollutant. Qualitative 328 

evaluation indicated that this environment would cause an increasing likelihood of respiratory 329 

symptoms, such as wheezing, chest tightness and breathing discomfort in people with asthma, as 330 

well as an increasing aggravation of other lung diseases. However, to achieve the quantitative 331 

evaluation of the injury level, further analyses should be conducted considering an entering path 332 

of the particle and gaseous contaminants into the body through breathing. The modeled dynamic 333 

indoor contaminant concentration can be served as a boundary condition.  334 
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As for the impact of occupant behaviors on the daily exposure risk level, due to the distribution 335 

of different indoor occupant behaviors, the indoor pollutant concentration fluctuated obviously 336 

during the working hours. Activities such as opening the windows as well as walking into and out 337 

of the rooms led to the increase of the pollutant concentration and thus the exposure risk of the 338 

human body and respiratory. While turning on the air-conditioning without the function of 339 

supplying fresh air decreased the indoor contaminant concentration in a slow but effective way. 340 

Therefore, to mitigate indoor exposure risk, occupants are advised to keep windows closed and 341 

limit walking activities during the extreme wildfires. Meanwhile, outdoor air dampers should be 342 

shutting off when operating the HVAC system to avoid more purification loads. From another 343 

aspect, a proper and accurate set of occupant behavior schedules and the corresponding building 344 

boundary conditions are also crucial for enhancing the evaluation and prediction of the indoor risk 345 

exposure.  346 

Discussions 347 

This study formulated a framework for the indoor pollutants exposure modeling and the potential 348 

human health hazard assessment in an office environment particularly taking into account the 349 

actual occupant behaviours. The simulated results under this framework were compared with the 350 

actual measured indoor and outdoor data (O3 and PM2.5), showing great consistency in both the 351 

maximum and average levels. The indoor airflow pattern and IAQ fluctuated obviously within 352 

working hours, which were largely dependent on specific occupant behaviors. Therefore, 353 

comparing to the traditional IAQ and occupant exposure assessments when occupants remained 354 

static or the indoor equipment (e.g., HVAC and windows) remained constant running, the 355 

framework in this study is proved to provide a more realistic and reliable result aligned with the 356 

actual requirement of assessing the health hazard level of the indoor occupants. Furthermore, based 357 
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on this result as a boundary condition, the deposit fraction and equation can be fitted to predict a 358 

more accurate and dynamic respiratory exposure dosage under such outdoor wildfire conditions, 359 

which not only indicates the key injury level, but also provides reference for the further 360 

physiological stage. 361 

Assessment of the respiratory injury 362 

As aforementioned, the indoor pollutant concentration near the oro-nasal could be considered as 363 

the boundary condition for assessing the respiratory deposition. Take nasal inhalation as an 364 

example, respiratory injury was mainly caused by the micron particle deposition fraction in nasal 365 

cavity, pharynx, larynx and trachea regions for nasal breathing. The detailed modelling method 366 

and flow pattern inside the respiratory system were included in another published journal article 367 

(Xu et al. 2018).  368 

The simulated particle size range was slightly expanded to allow a wider coverage of the 369 

developed deposition equations. For micron-sized particles, deposition fractions were related to 370 

the inertial parameter I , which considered particles mass to the square power, and the averaged 371 

fluid momentum. The inertial parameter is defined as: 372 

2= pI d Q            (2) 373 

where Q  is the volume flow rate (cm3/s) and pd  (μm) is the particle aerodynamic diameter. 374 

Figure 11(a) and (c) show the deposition fraction in human respiratory airways for particles 375 

ranging from 0.8 μm to 20 μm against the inertial parameter for oral and nasal inhalation, 376 

respectively.  377 

The Stokes number was used to correlate the deposition to length scale, particle density, size 378 

and flow rate. It is defined as: 379 
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2

18
p p cd uC

St
L

ρ
µ

=      (3)  380 

where L is the characteristic length of oral and u is the local airflow velocity. The deposition 381 

through oral breathing in human airway was related to St and Re. 382 

For the deposition equation in human airway, improved fittings were obtained with St3.271Re and 383 

St.1.77Re0.145 for particle sizes from 0.8 to 20 μm, breathing rate of 10 and 30 L/min for oral and 384 

nasal breathing (Figure 11(b) and (d)), with a coefficient of determination R2=0.99. The empirical 385 

equations are given as 386 

3.271

0.956[1 ] 100%
22.701 Re 1oralDF

St
= − ×

+         (4) 387 

1.77 0.145[1 0.95exp( 7.35 Re )] 100%nasalDF St= − − ⋅ ×      (4) 388 

 389 
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Figure 11 Comparison of micron particles (0.8 – 20 μm). (a) deposition fraction for oral 390 
inhalation. (b) fitted deposition equation for oral inhalation. (c) deposition fraction for nasal 391 
inhalation. (d) fitted deposition equation for nasal inhalation.  392 
 393 

The dosimetry (in number, mass, surface area) in human upper airway under various breathing 394 

flow rates and breathing pattern was calculated by using the above simulated PM2.5 concentration 395 

value, presented in Table 3. The time period of occupants staying indoors was assumed as 8 hours 396 

a day (as the working hours from 9am to 5pm).  A monotonous growth was obtained in human 397 

upper airway dosimetry with the flow rate, which lead to a larger air exchange and particle 398 

exposure risk, as well as a higher probability of chronic respiratory diseases. 399 

Table 3 Human upper airway dosages of indoor PM2.5 during a day. 400 

Q 
(L/min) 

Oral inhalation Nasal inhalation 
Number 
(106#) 

Mass(μg) Surface area (10-5m2) Number 
(106#) 

Mass(μg) Surface area (10-5m2) 

10 2.93 23.96 5.75 6.41 52.16 12.60 
30 36.25 296.6 71.18 31.11 255.3 61.15 

 401 

Limitations 402 

One limitation of this work is that air infiltration via building permeability (e.g., windows, 403 

envelope cracks) was not considered during the CFD simulation. Several previous studies (Shi et 404 

al. 2015; G. Hong and Kim 2016; C. Chen and Zhao 2011) have proved the effects of air infiltration 405 

on IAQ and verified the infiltration factor as the useful parameter for qualifying the number of 406 

indoor particles infiltrating from the outdoor environment. To evaluate the potential effect of 407 

building permeability on the current results, we estimate the average infiltration rate as 0.2 air 408 

changes per hour (ACH) in summer based on some previous research (Chen and Zhao 2011; G. 409 

Hong and Kim 2016). According to the volume of the room and the outdoor pollutant concentration, 410 

the air infiltration process might cause the indoor ozone level to raise to 8 ppb during the night. As 411 
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can be seen in Figure 5, the measured indoor ozone concentration stayed around 10 ppm during 412 

the night when the windows were closed, which was supposed to be associated with the air 413 

infiltration. Therefore, the actual indoor pollutant concentration considering the air infiltration 414 

would be 5% higher than the simulated results in this work, which results in a higher IAQ index 415 

and thus higher exposure risk than evaluated. 416 

As for the concept of the exposure injury, in the current work, we focus more on the indoor air 417 

quality and the corresponding respiratory dosage and deposition through breathing. As concluded 418 

in Table 2, a qualitative evaluation indicates the significant potential of wheezing and shortness of 419 

breath in people with asthma, as well as the increasing of lung disease, under the calculated IAQ 420 

index. However, quantitative analysis of the contaminant penetrating into the blood through layers 421 

of skin, stratum corneum, viable epidermis and dermal capillaries is also necessary to carry out 422 

together with the physiological researches in the next step, to determine the exact injury level. 423 

Recently, a model of transdermal uptake of hazardous chemicals has been raised by Morrison et 424 

al. in 2017. The final mass of the gaseous chemicals (e.g., SO2, CO) entered the blood can be 425 

calculated based on the dynamic indoor chemical concentration as a boundary condition. But the 426 

key point is to validate the aforementioned model with a set of proper parameters for specific 427 

gaseous contaminants. 428 

As for the selection of airborne particle metrics, ultrafine particles also play a non-negligible 429 

role in affecting the occupant health, especially to the respiratory system due to its smaller particle 430 

size (Ibald-Mulli et al. 2002; Zhao et al. 2009; Nikolova et al. 2011). Plus that the physical 431 

diffusion process (origin, dynamic and penetration) between PM2.5 and ultrafine particles are 432 

actually different. Therefore, the approach proposed in this work is a simplified approach for not 433 

considering the ultrafine particles in the overall framework. To address this problem, accurate 434 



27 
 

measured ultrafine particles data should be collected via carefully designed experiments, to further 435 

validate the physical models of their diffusion process. 436 

The methodology in this paper is more targeting at the commercial building types (namely, 437 

office buildings) where many indoor pollutant sources such as cooking and incense could be 438 

negligible. When it comes to residential building types for a broader application, the simulation of 439 

indoor combustion sources should be added to the current methodology, especially the CFD 440 

simulation of the origin, dynamics and penetration of such particle metrics (Yang and Ye 2014; 441 

Ezzati and Kammen 2001). 442 

 443 

Conclusion 444 

This work employed both whole-building simulation (EnergyPlus coupled with obFMU) and 445 

computational fluid dynamics (Fluent) to analyze the impacts of occupant behaviors (namely 446 

window operation, HVAC operation, and human movements) on indoor airflow patterns and IAQ. 447 

The IAQ, especially considering daily occupant behavior schedules, was assessed during the 448 

period of a wildfire event in the Northern California, U.S.  449 

The simulated results were compared with the actual measured indoor and outdoor data (O3 and 450 

PM2.5). The measured and simulated IAQ were consistent based on the maximum and average 451 

levels. The occupant behaviors were proved to exert significant impacts on the indoor air flow 452 

pattern and thus the pollutants’ concentrations. The indoor airflow pattern and IAQ transformed 453 

obviously within working hours, which were largely dependent on occupant behaviors. Thus, to 454 

mitigate indoor exposure risk, occupants are advised to keep windows closed and operate HVAC 455 

systems without outdoor air. Besides, occupants’ movements accelerate the diffusion and mixture 456 

of existing contaminants at different heights, which could enhance the risk of respiratory exposure. 457 
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The daily maximum IAQ index was 215, with SO2 as the responsible pollutant, which might result 458 

in significant respiratory symptoms and adverse health effects, such as wheezing and shortness of 459 

breath, in children, older adults, and people with asthma. Based on indoor air conditions and 460 

considering occupant behaviors, deposit fraction and equation were fitted to predict the respiratory 461 

injury level under such outdoor wildfire conditions. 462 

This study formulated a framework for the indoor pollutants exposure modeling and the potential 463 

human health hazard assessment in an office environment while taking into account actual 464 

occupant behaviors. This co-simulation was conducted by combining the building energy 465 

modeling, occupant behavior modeling, CFD modeling, and pollutant modeling, which can be 466 

further applied in each IAQ issue where the outdoor-to-indoor pollutant penetration aspect is 467 

important (such as wildfire events as demonstrated in this work, haze pollution in China, as well 468 

as the vehicle exhaust etc). Results can be used to evaluate and inform strategies to mitigate 469 

occupant health conditions during outdoor events of extreme pollution. 470 

 471 
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